Aberrant sprouting and synaptic reorganization of the mossy fiber (MF) axons are commonly found in the hippocampus of temporal lobe epilepsy patients and result in the formation of excitatory feedback loops in the dentate gyrus, a putative cellular basis for recurrent epileptic seizures. Using ex vivo hippocampal cultures, we show that prolonged hyperactivity induces MF sprouting and the resultant network reorganizations and that brain-derived neurotrophic factor (BDNF) is necessary and sufficient to evoke these pathogenic plasticities. Hyperexcitation induced an upregulation of BDNF protein expression in the MF pathway, an effect mediated by L-type Ca 2ϩ channels. The neurotrophin receptor tyrosine kinase (Trk)B inhibitor K252a or function-blocking anti-BDNF antibody prevented hyperactivity-induced MF sprouting. Even under blockade of neural activity, local application of BDNF to the hilus, but not other subregions, was capable of initiating MF axonal remodeling, eventually leading to dentate hyperexcitability. Transfecting granule cells with dominant-negative TrkB prevented axonal branching. Thus, excessive activation of L-type Ca 2ϩ channels causes granule cells to express BDNF, and extracellularly released BDNF stimulates TrkB receptors present on the hilar segment of the MFs to induce axonal branching, which may establish hyperexcitable dentate circuits.
Introduction
The neural circuit in the dentate gyrus is a highly vulnerable organization. In the brains of patients and animal models of temporal lobe epilepsy, a widely recognized remodeling is the abnormal targeting of hippocampal mossy fibers (MFs), a phenomenon termed MF sprouting. In epileptic hippocampus, the MF axons often bifurcate in the hilar region, and the sprouted collaterals are ectopically guided into the inner molecular layer, where they synapse with the proximal segments of dendrites of granule cells (Cronin and Dudek, 1988; Sutula et al., 1988; de Lanerolle et al., 1989; Babb et al., 1991; Okazaki et al., 1995) . Ultrastructural analysis reveals that most of these ectopic synapses are asymmetric (Cavazos et al., 2003) and terminate on dendritic spines (Buckmaster et al., 2002) , both of which are typical of excitatory synapses. Thus, granule cells are interconnected, forming their excitatory loop chains in the dentate gyrus.
This plastic remodeling is of particular importance in at least two neurological aspects. First, these abnormal recurrent circuits are functionally active (Molnar and Nadler, 1999; Lynch and Sutula, 2000) and cause hyperexcitation of the dentate gyrus (Wuarin and Dudek, 1996; Feng et al., 2003) , whereby cortical signal is excessively amplified before reaching the hippocampus. These anatomical aberrations, hence, are potential epileptogenic foci, and MF sprouting could be a therapeutic target of temporal lobe epilepsy . Second, many experimental studies consistently indicate that convulsants with different mechanisms of action, e.g., pilocarpine, kainate, and flurothyl, and kindling stimulation of the limbic system are all capable of inducing MF sprouting, suggesting that the formation of proepileptic recurrent circuits is triggered by neuronal activity. This form of plasticity, i.e., activity-induced hyperexcitability, is "anti-homeostatic" and represents a significant example of neuronal tuning; note that neurons usually undergo homeostatic regulation, depending on the level of past activity (LeMasson et al., 1993; Turrigiano et al., 1994 Turrigiano et al., , 1998 Stemmler and Koch, 1999) . Therefore, elucidating the characteristic properties of MF sprouting would provide both clinical and neurophysiological insights.
The mechanisms underlying MF sprouting are poorly understood. One candidate of the responsible molecules is brainderived neurotrophic factor (BDNF), a member of the neurotrophin family, which has been implicated as a potent morphoregulator that controls axon branching (Cohen-Cory and Fraser, 1995; Gallo and Letourneau, 1998) , dendritic growth (McAllister et al., 1995 (McAllister et al., , 1997 , spine density (Shimada et al., 1998; Tyler and Pozzo-Miller, 2001) , and activity-dependent refinement of synapses (Cabelli et al., 1995; Horch et al., 1999) . In epileptic hippocampus, granule cells display an upregulation of BDNF mRNA (Isackson et al., 1991; Gall, 1993) and protein (Nawa et al., 1995; Elmer et al., 1998; Rudge et al., 1998; Vezzani et al., 1999; Katoh-Semba et al., 2001) as well as the BDNF receptor tyrosine kinase (Trk)B mRNA (Bengzon et al., 1993) , and phosphorylation of TrkB is also detected in the MF pathway . However, the causal relationship between BDNF and MF sprouting has been a contentious issue (Binder et al., 2001 ).
Materials and Methods
Organotypic cultures of hippocampal slices. Postnatal day 6 Sprague Dawley rats (SLC, Shizuoka, Japan) were deeply anesthetized by hypothermia, and their brains were aseptically removed (Mizuhashi et al., 2001 ), according to National Institutes of Health guidelines for laboratory animal care and safety. The posterior part of the brain was cut into 300-mthick transverse slices using a DTK-1500 vibratome (Dosaka, Kyoto, Japan) in aerated, ice-cold Gey's balanced salt solution supplemented with 25 mM glucose. The entorhino-hippocampi were dissected out under stereomicroscopic controls and cultured using membrane interface techniques (Yamamoto et al., 1989; Stoppini et al., 1991) . Briefly, slices were placed on sterile 30-mm-diameter membranes (Millicell-CM; Millipore, Bedford, MA) and transferred into six-well tissue culture trays. Cultures were fed with 1 ml of 50% minimal essential medium (Invitrogen, Gaithersburg, MD), 25% horse serum (Cell Culture Lab, Cleveland, OH), and 25% HBSS and were maintained in a humidified incubator at 37°C in 5% CO 2 . The medium was changed every 3.5 d.
Dispersed cultures of granule cells. Postnatal day 6 Sprague Dawley rats (SLC) were deeply anesthetized with ether, and the hippocampal formation was dissected out and placed in ice-cold Gey's balanced salt solution, as previously described (Baba et al., 2003) . After removal of the subicular complex and the Ammon's horn, the remaining part, i.e., dentate gyrus, was trypsinized and gently triturated, and isolated cells were plated at a density of 5.0 ϫ 10 3 cells/cm 2 onto 13 mm culture dishes coated with poly-L-lysine (Sigma, St. Louis, MO) and cultivated in 50% Neurobasal/ B-27 (Life Technologies, Gaithersburg, MD) and 50% astrocyteconditioned medium (Mizuhashi et al., 2001 ) at 37°C in a humidified 5% CO 2 and 95% air atmosphere. The culture medium was changed to the conditioned medium-free Neurobasal/B-27 supplemented with 2 M cytosine-D-arabino-furanoside (Sigma) 24 hr after the plating. To determine to what degree our cultures were contaminated with non-granule, GABAergic cells, they were immunostained with anti-GABA antibody because granule cells are usually GABA-negative (Sloviter and Nilaver, 1987; Buckmaster et al., 2002) although it might not hold true under some extreme conditions (Sloviter et al., 1996) . Cultures were sequentially treated with 4% paraformaldehyde for 30 min, 0.1% Triton X-100 for 30 min, 1% goat serum for 60 min, mixture of primary antibodies to GABA (1:500; mouse, MAB316; Chemicon, Temecula, CA) and MAP-2 (1:1000; rabbit, AB5622; Chemicon) overnight at 4°C, and finally with Alexa-488 conjugated anti-mouse IgG (1:400; A-11001; Molecular Probes) and Alexa-594 conjugated anti-rabbit IgG (1:400; A-11012; Molecular Probes) for 2 hr at room temperature. The samples were mounted on coverslips with Vectashield (Vector Laboratories, Burlingame, CA), and images were acquired with an ORCAII cooled CCD (Hamamatsu Photonics, Hamamatsu, Japan), and analyzed with an AQUACOSMOS system (Hamamatsu Photonics). GABA-immunofluorescent intensity in the somata of MAP-2-positive cells was measured and converted into a percentage scale relative to background, as described elsewhere . The average intensity of immunofluorescence was 118.5 Ϯ 16.8% (mean Ϯ SD), but the distribution was bimodal, peaking at ϳ112% and 203%. Cells whose GABA immunofluorescence was Ͼ161.4% (the 99% confidence limit) were defined as GABA-positive neurons. GABA-positive neurons had the larger cell bodies than GABAnegative neurons. The diameter of GABA-positive cells ranged from 25 to 35 m, whereas of 140 GABA-negative cells, only one neuron had the cell body larger than 20 m in diameter (three independent experiments). In general, granule cells had the small somata [10 -18 m in vivo (Amaral and Witter, 1995) and ϳ15 m in culture (Baba et al., 2003) ], which indicates that based on the GABA immunoreactivity, we succeeded in discriminating between granule cells and GABAergic interneurons. Under these conditions, only a small portion (2.9% of total) were GABA-positive neurons, and the vast majority (97.1%) were GABAnegative. These results are consistent with the fact that granule cells make up the overwhelming population of neurons present in the dentate gyrus in vivo (Amaral and Witter., 1995) . In the experiments of Figures 7 and 8, cells with somata of Ͼ20 m in diameter were excluded from data. We thus conclude that unexpectedly contaminated non-granule cells, if any, contributed minimally to our results and interpretation.
Neo-Timm staining. After rinsing with PBS, slices were immersed in 0.4% sodium sulfide solution at 4°C for 15 min and fixed with 10% (v/v) formaldehyde for 15 min. After PBS wash, they were dehydrated with 70 and 96% ethanol each twice for 30 min and then dried. To perform silver sulfide (Timm) staining, the slices were incubated with citrate-buffered solution containing 20% Arabic gum, 2.1% AgNO 3 , and 0.085% hydroquinone in a dark room at 26°C for 50 min. The slices were washed with distilled water at the end of the reaction. To quantify MF terminals, the images were digitized with a FinePix S1Pro CCD camera (Fuji Photo Film, Tokyo, Japan) equipped with an ECLIPSE TE300 microscope (Nikon, Tokyo, Japan) and a 20ϫ objective. The pixel intensity values were measured at 8 bit resolution in at least five square areas (20 ϫ 20 m ϭ 400 m 2 ) of dentate hilus, inner molecular layer and subiculum (sub), and then averaged per substratum (Fig. 1 B) . These square cursors were separated from each other at intervals of 10 -50 m and carefully placed to exclude other subregions. Timm grain intensity was determined by dividing the values of subregions by that of the subiculum (background).
BDNF Immunohistochemistry. Cultured hippocampal slices were fixed with 4% paraformaldehyde at 4°C for 1 d and permeabilized with 0.1% Triton X-100 for 30 min. The samples were incubated with 1% goat serum at room temperature for 60 min, at 4°C with 1.6 g/ml rabbit polyclonal anti-BDNF antibody (Katoh-Semba et al., 2002) overnight, and then with anti-rabbit IgG Alexa-594 (1:400) (Molecular Probes) for 2 hr at room temperature. They were imaged with a Bio-Rad (Richmond, CA) MRC-1024 confocal system with a 10ϫ objective (Nikon).
Preparation of BDNF-including beads. One milligram of Sephadex G-100 gel beads (Amersham Biosciences, Piscataway, NJ) were immersed in 20 l of 50 g/ml recombinant human BDNF (Sumitomo Pharmaceuticals, Osaka, Japan) in PBS containing 0.1% BSA for 15 min. Under stereomicroscopic controls, a bead with ϳ100 m in diameter was dipped on microdissecting forceps and slowly slid down onto 0 d in vitro cultures along the tip of another microforceps with extreme care, during which the position of a bead on the slice was manually adjusted under a stereomicroscope. Cultures in which beads were misplaced away from the middle of the subregion of interest were rejected; as a result, ϳ15% cultures were excluded. During and after the period of culture, the position of beads was confirmed everyday under stereomicroscopic controls. The bead position was stable after implantation. In a part of the experiments in supplemental Fig. 1 D (available at www.jneurosci.org/cgi/content/full/24/33/7215/DC1), bead-included BDNF was re-released by incubation with 20 l of PBS containing 0.1% BSA at 4°C overnight in an Eppendorf tube, and the supernatant was diluted 1:500 in Neurobasal/ B-27 and applied to cultured granule cells to confirm whether BDNF that was once loaded into beads was still biologically active.
ELISA assay for BDNF expression. BDNF was quantified using a Promega ELISA kit (Poulsen et al., 2002) . Slices were detached from the membranes and homogenized in 70 l of lysis buffer (137 mM NaCl, 20 mM Tris-HCl, pH 8, 1% NP-40, 10% glycerol, 1 mM PMSF, 10 g/ml aprotinin, 1 g/ml leupeptin, and 0.5 mM sodium vanadate) under sonication on ice. After centrifugation (1500 ϫ g for 15 min), 50 l of supernatant was diluted in 200 l of PBS, divided equally into two Eppendorf tubes, and stored at Ϫ80°C until further processing. One of them was subjected to the calculation of BDNF concentration by the ELISA kit, and the other was used for measurements of the total protein content using a Bio-Rad protein assay with bovine serum albumin as standard. The concentration of BDNF was normalized with the total amount of protein and averaged across slices.
Electrophysiology. Patch-clamp recordings were performed as previously described (Tanaka et al., 1997) . A slice was transferred to a recording chamber and continuously perfused with oxygenated (95% O 2 , 5% CO 2 ) artificial CSF (aCSF), consisting of (mM): 124 NaCl, 25 NaHCO 3 , 3 KCl, 1.24 KH 2 PO 4 , 1.4 MgSO 4 , 2.2 CaCl 2 , and 10 glucose. Glass micropipettes (4 -7 M⍀) were made from glass capillaries with a Narishige (To-kyo, Japan) vertical puller. The internal solution consisted of (in mM): 136.5 KMeSO 4 , 17.5 KCl, 9 NaCl, 1 MgCl 2 , 10 HEPES, 0.2 EGTA, and 13.4 biocytin, pH 7.2. Granule cells were held in a current-clamp mode with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). Single-pulse stimuli were delivered in the presence of 100 M picrotoxin through bipolar tungsten electrodes. The electrodes were positioned on the hilus far apart from the recorded cells to avoid antidromic activation; no contamination of antidromic activation was considered if CNQX-AP-5 completely eliminated any responses to the stimulus. Signals were low-pass filtered at 1 kHz, digitalized at 10 kHz, and analyzed with a pClamp 8.0 software (Axon Instruments).
Intracellular labeling and camera lucida reconstructions of recorded neurons. After whole-cell recordings, slices were washed three times with PBS at room temperature for 5 min and fixed with 4% paraformaldehyde at 4°C for 60 min. After being washed three times with PBS for each 15 min, they were permeabilized with 0.1% Triton X-100 for 20 min, washed again with PBS for 10 min, and then incubated with 10 g/ml Texas Red-X-conjugated streptavidin (Molecular Probes) in a dark room at room temperature for 3 hr. Incubation was terminated by PBS wash for each 10 min. Streptavidin-labeled granule cells were observed with a Bio-Rad MRC-1024 confocal system and reconstructed with the camera lucida method.
Morphometric analysis of axonal protrusions. Cultures were fixed with 4% paraformaldehyde for 30 min and treated with 0.1% Triton X-100 for 30 min and 1% goat serum for 60 min. They were treated overnight at 4°C with primary antibodies against anti-tau-1 (1:2000; mouse monoclonal, MAB3420; Chemicon) and anti-MAP-2 (1:1000; rabbit, AB5622; Chemicon) and then with secondary antibodies anti-mouse IgG Alexa-488 (1:400; A-11001; Molecular Probes) and anti-rabbit IgG Alexa-350 (1:400; A-11046; Molecular Probes) in the presence of rhodamine phalloidin (1:40; R-415; Molecular Probes) for 2 hr at room temperature. The samples were mounted on coverslips with Vectashield and imaged with an ORCAII cooled CCD, and analyzed with an AQUACOSMOS system). We defined the longest, tau-1-positive, MAP-2-negative neurite as an axon and counted phalloidin-positive, growth cone-like structures budding out of the axon as protrusions only if they visibly conveyed both lamellipodia and filopodia. For each axon, the density of protrusions was calculated by dividing the number of protrusions by the axon length.
DNA transfection. The cDNA coding truncated TrkB, which lacks the kinase domain (mouse trkB.T1, 1-1428), was subcloned into a pIREShrGFP expression vector (Stratagene, La Jolla, CA). In experiments with a negative control for gene expression, ␤-galactosidase (lacZ) was also subcloned into the same vector. Cultured granule cells were transfected with the DNA purified with QIA filter Plasmid Midi kits (Qiagen, Hilden, Germany), using the calcium phosphate precipitation method (1 g of DNA per 28,500 cells in a 1.9 cm 2 well) (Ohba et al., 2004) . The vector pIRES-hrGFP has a cytomegalovirus promoter upstream and IRES (internal ribosomal entry site)-hrGFP (humanized Rotylenchulus reniformis green fluorescence protein) that works as transfection reporter downstream.
Immunocytochemical analysis of nuclear c-Fos expression. To confirm the validity of our experimental tools, i.e., function-blocking anti-BDNF body, dominant-negative TrkB and BDNF included in beads, their effect of BDNF-induced c-Fos expression was tested in granule cell cultures (Ohba et al., 2004) . c-Fos immunostaining was performed by using a primary antibody against anti-c-fos (1:1000; mouse, SC-8047; Santa Cruz Biotechnology, Santa Cruz, CA) and then with a secondary antimouse IgG antibody conjugated with Alexa-594 (1:400; A-11032; Molecular Probes) in the presence of Hoechst (1:100,000; H-1399; Molecular Probes). c-Fos immunofluorescence within Hoechst-positive areas (nuclei) was analyzed as an index for BDNF-induced cellular response. The effect of BDNF reached a peak 1 hr after application (supplemental Fig. 1B , available at www.jneurosci.org/cgi/content/full/24/33/7215/DC1) and rendered the maximal at concentrations of 10 ng/ml and more (supplemental Fig. 1C , available at www.jneurosci.org/cgi/content/full/24/33/7215/DC1). Thus, 1 hr application of 10 ng/ml BDNF was used for this assay. BDNFinduced expression was blocked by anti-BDNF body as well as K252a, a broad-spectrum Trk inhibitor (supplemental Fig. 1A ,D, available at www. jneurosci.org/cgi/content/full/24/33/7215/DC1). The blocking effect was Figure 1 . Endogenous BDNF mediates activity-dependent MF reorganization. A, Representative Timm staining of hippocampal slice cultures maintained for 10 d in the absence (left) and presence of 50 M picrotoxin (middle) and a combination of 50 M picrotoxin and 1.6 g/ml function-blocking anti-BDNF antibody (right). MF heterotopias (arrows) in the inner molecular layer (ml) of picrotoxintreated hippocampus were blocked by cotreatment with anti-BDNF antibody. B, Measurement of Timmgrainintensity.Inanimagetakenwitha20ϫobjective,atleastfive20ϫ20mcursorswere put in each stratum, i.e., hilus, and inner molecular layer (ml), and subicular area (subic) located immediatelyoutsidethehippocampalfissure(hf),andthemeansignalintensity(I)withinthecursors was measured at 8 bit resolution. The I values were averaged for each stratum (ϽI hilus Ͼ, ϽI ml Ͼ, andϽI subic Ͼ).TimmgrainintensitywasdefinedasϽI hilus Ͼ/ϽI subic ϾandϽI ml Ͼ/ϽI subic Ͼ.C, Timm grain intensities of the dentate hilus and molecular layer were quantified in control slices and slices that received 10 d treatment with 50 M picrotoxin in the absence or presence of 1 M tetrodotoxinor10Mnicardipine.Allexperimentswererepeatedwithatleastfourdifferentexperiments, producingsimilarresults,withnosignificantvariationfromexperimenttoexperiment(Ftest).**pϽ 0.01; Tukey's test after ANOVA. Data are means Ϯ SD of each of 4 -16 slices. D, Same analysis performed with slices cotreated with 50 M picrotoxin and 300 nM K252a or 1.6 g/ml anti-BDNF antibody.
also attained by overexpression of a dominant-negative form of TrkB (supplemental Fig. 2 , available at www.jneurosci.org/cgi/content/full/24/33/ 7215/DC1). In addition, BDNF that was exuded from beads was still capable of inducing c-Fos expression. We thus concluded that functionblocking anti-BDNF antibody, dominant-negative TrkB, and BDNF included in beads were biologically active in our experimental system.
Results

Hyperactivity induces MF sprouting ex vivo
Entorhino-hippocampal slices prepared from postnatal rat pups were organotypically cultivated in the presence of picrotoxin, a GABA A receptor channel blocker that is reported to efficiently evoke prolonged epileptiform discharges without apparent desensitization or adaptation for up to 50 d in vitro (Ikegaya et al., 1998; Ikegaya, 1999) . After 10 d in culture, slices were stained with the Timm method, a histochemical technique to assess the spatial distribution of MF terminals because of their high Zn 2ϩ content (Danscher and Zimmer, 1978; Ueno et al., 2002) . Because Timm signal is specific for synaptic terminals but does not detect MF axonal segments that form no synapses (Danscher and Zimmer, 1978) , Timm grain intensity in the hilus is unaffected by mossy fiber sprouting and hence can serve as a negative internal control. In intact cultures, Timm signal was spatially limited in the dentate hilus and stratum lucidum. However, when cultured in the presence of picrotoxin, the inner molecular layer also became Timm-positive, and the staining pattern resembles a histological feature in temporal lobe epilepsy, indicative of MF sprouting ( Fig.  1 A, B) . This ectopic Timm signal was completely abolished by coapplication of tetrodotoxin, a voltage-sensitive Na ϩ channel blocker (Fig. 1C) . Thus, MF sprouting is activity-dependent.
We next sought to determine whether or not picrotoxin induces an increase in expression of BDNF, another characteristic of epileptic hippocampus (Nawa et al., 1995; Elmer et al., 1998; Rudge et al., 1998; Vezzani et al., 1999) . As expected, ELISA assay revealed that picrotoxin treatment significantly elevated the level of BDNF protein expression in the homogenates of slices, and the increase was blocked by tetrodotoxin ( Fig. 2 A, B) . Upregulation of BDNF was observed at 24 hr of exposure, reached a peak after 48 hr, and thereafter declined to a steady-state level that was still approximately fivefold higher than control (Fig. 2 A) . Immunohistochemical analyses revealed that BDNF was induced in a lamina-specific manner, i.e., selectively in the stratum lucidum, dentate hilus, and molecular layer (Fig. 2C) . These substrata correspond with the MF pathway. We therefore conclude that epilepsy-relevant MF sprouting can be reliably replicated in our ex vivo culture system.
BDNF-TrkB signaling mediates MF sprouting
An increase in intracellular Ca 2ϩ levels (Ghosh et al., 1994; Sano et al., 1996) through Ca 2ϩ influx via L-type Ca 2ϩ channels or NMDA receptors (Shieh et al., 1998; Tao et al., 1998; Tabuchi et al., 2000) is known to induce BDNF expression. Consistent with this, nicardipine, an L-type Ca 2ϩ channel blocker, inhibited hyperactivity-induced increase in BDNF (Fig. 2 B) . Interestingly, nicardipine also abolished picrotoxin-induced Timm signal in the molecular layer (Fig. 1C) . These effects of nicardipine imply that the BDNF upregulation mediates MF sprouting. To confirm this, we applied picrotoxin in the presence of K252a, a broadspectrum Trk inhibitor. No MF sprouting now occurred (Fig.  1 D) . Similar results were obtained by cotreatment with functionblocking anti-BDNF antibody (Fig. 1 A,D) , suggesting that extracellularly released BDNF contributes to MF sprouting by acting on TrkB receptors. The validity of the blocking effect of this specific neutralizing antibody to BDNF was confirmed in a previous paper (Katoh-Semba et al., 2002) as well as supplemental Figure 1 (available at www.jneurosci.org/cgi/content/full/24/33/7215/ DC1) (for details, see Materials and Methods).
We investigated the time course of changes in the pattern of Timm staining after exposure to picrotoxin. MF sprouting began to occur 5 d after application of picrotoxin, lagging behind peak levels of BDNF by 3 d (Fig. 3) .
To further clarify the involvement of BDNF, BDNFcontaining dextran-gel beads (ϳ100 m diameter) were implanted on various subregions of hippocampal slices, i.e., the hilus, molecular layer, stratum lucidum, and stratum radiatum (one bead per slice). We confirmed that BDNF loaded in beads was still biologically active (supplemental Fig. 1 D, available at www.jneurosci.org/cgi/content/full/24/33/7215/DC1; for details, see Materials and Methods). Timm signal was evident in the molecular layer only when BDNF-including beads were placed on the hilus, but not the other subregions (Fig. 4 A, B) . Hilar beadinduced MF sprouting was blocked by K252a or anti-BDNF antibody (Fig. 4 A, C) . Control beads containing buffer failed to produce any changes in the Timm appearance (Fig. 4 A, C) . Therefore, among the subareas that undergo BDNF upregulation, the hilar region solely is responsible for MF heterotopias. Interestingly, BDNF was unable to cause MF sprouting when directly added to the culture medium even at a high concentration of 100 ng/ml (Fig. 4 B) , which implies a requirement of region-specific, local activation of BDNF signaling. BDNFinduced MF sprouting was insensitive to tetrodotoxin, nicardipine, the non-NMDA receptor antagonist CNQX, or the NMDA receptor antagonist AP-5 (Fig. 4C) . Thus, neither neuronal activ- ity nor L-type Ca 2ϩ channel activity are indispensable for the BDNF effect. These data suggest that hyperactivity-induced MF sprouting is mediated (and completely accounted for) by Ca 2ϩ -dependent induction of BDNF expression in the hilus.
To determine how long treatment with BDNF is required to induce MF sprouting, a BDNF-including bead was put on the dentate hilus at day 0 in vitro, and K252a was applied at day 0 -9 in vitro to block the action of BDNF. K252a was continuously present in the culture medium until day 10 when sprouting was assessed by Timm staining. We found that 1 d stimulation of TrkB is enough to induce MF sprouting (Fig. 5) . BDNF is hence likely to contribute to an early stage of MF sprouting, possibly serving as a branch-inducing factor (see below).
Using whole-cell patch clamp recordings, we examined the physiological consequences of picrotoxin-induced and BDNFinduced MF sprouting. Granule cells were held in current clamp, and a portion of the hilus was extracellularly microstimulated, the position and intensity of stimulation being carefully selected to elicit no antidromic activation in the recorded neurons (Fig.  6 A) . Cells were also filled with neurobiocytin for post hoc morphological identification. In all seven neurons tested in picrotoxin-treated slices and six neurons in BDNF beadembedded slices, the MF axons were found to branch out in the hilus, and at least one of the collaterals extended into the stratum granulosum and inner molecular layer (Fig. 6C,E) . Such an ectopic MF pathway was never observed in intact or control beadimplanted slices (Fig. 6 B, D) . In picrotoxin-treated and BDNFtreated slices, hilar microstimulation elicited a paroxysmal depolarizing shift (PDS) (Steriade, 2003) of granule cells with burst firings (Fig. 6C,E) . PDS is one of the best cellular markers of an epileptic event, corresponding to the interictal spike of the EEG. It is manifested by a sustained movement of the neuronal . Exogenous application of BDNF to the hilus, but not other subregions, induces activity-independent MF sprouting. A, Timm images of hippocampal slices with their hilar regions carrying PBS-including (left) and BDNF-including beads (right) for 10 d. Ectopic MF terminals (arrows) were found in the molecular layer (ml) of the BDNF bead-bearing slice. B, Timm grain intensities of the dentate hilus and molecular layer were quantified in slices in which BDNF-containing beads were put on their hilus, molecular layer, stratum lucidum, or stratum radiatum for 10 d. In the data of "bath application", 100 ng/ml BDNF was directly added to culture medium without beads, and the medium was replaced with fresh ones containing 100 ng/ml BDNF every 24 hr until day 10. C, Same paradigm of analysis as shown in B, from beadcarrying slices treated for 10 d with 300 nM K252a, 1.6 g/ml anti-BDNF antibody, 10 M CNQX, 100 M AP-5, 1 M tetrodotoxin, or 10 M nicardipine. **p Ͻ 0.01 versus control or no bead; ## p Ͻ 0.01 versus BDNF bead; Tukey's test after ANOVA. Data are means Ϯ SD of each of 4 -12 slices obtained from four independent experiments. resting potential above threshold for a normal action potential, accompanied by bursts of action potentials (Ayala et al., 1973; Dichter and Ayala, 1987) . PDS occurred with a latency of 5.78 Ϯ 2.53 msec after stimulation and lasted 0.74 Ϯ 0.31 sec (mean Ϯ SD of six neurons). Because our conditions of stimulation did not evoke antidromic activation of recorded granule cells, PDS was synaptically triggered by other granule cells in the vicinity of the recorded cells. Indeed, this ictal activity was blocked by a combination of 10 M CNQX and 100 M AP-5 (data not shown) and did not occur in control slices (Fig. 6 B, D) , indicating that MF sprouting resulted in synaptic interconnections among granule cells, i.e., feedback excitatory circuits. Both hyperactivityinduced and BDNF-induced MF sprouting, therefore, can reorganize the dentate networks in a similar way, eventually leading to hyperexcitability.
BDNF acts directly on granule cells to induce MF sprouting
Although the present study has suggested that BDNF released in the hilus induces MF sprouting, the target cells on which BDNF acts remain unclear because organotypic cultures contain various types of cells. We therefore isolated granule cells from postnatal day 6 rat dentate gyrus and dispersed them on culture plates. After 5 d, their MF axons, which were identifiable with immunoreactivity for tau-1 and easily distinguishable from MAP-2-positive dendrites (Fig. 7A) , were frequently accompanied by actin-rich protrusions; the average density of the protrusions was 23.2 Ϯ 2.4 mm -1 along axon length (mean Ϯ SEM of 248 axonal segments) (Fig. 7A, arrows) .
When granule cells were treated with BDNF for 24 hr, the A control or BDNF-containing bead was put on the dentate hilus at day 0 in vitro. To block the action of BDNF, K252a was applied at day 0 -9 in vitro and continuously present in the culture medium until day 10 when sprouting was assessed by Timm staining. B, Timm grain intensities of the dentate hilus (circles) and molecular layer (squares) were quantified in control slices (open symbols) and slices that received 10-day treatment with BDNF-including beads and were cultured in the absence (closed symbols) or presence of 300 nM K252a (gray symbols). Exposure to BDNF for as little as 1 d was capable of inducing MF sprouting. **p Ͻ 0.01; Tukey's test after ANOVA. Data are means Ϯ SD of each 5-11 slices obtained from four independent experiments. Response of a granule cell present in the stratum granulosum (sg) to a single-pulse stimulus of the dentate hilus was monitored with whole-cell current clamp recording. Recording was performed with a granule cell located at least 350 m apart from a stimulating electrode, and the intensity of filed stimulation were carefully adjusted to generate no antidromic activation in the recorded neurons, which was checked by application of tetrodotoxin at the end of experiments. B-E, Each trace on the bottom indicates a typical intracellular response to local stimulation of the hilus, recorded from the corresponding neurobiotin-filled, camera lucidareconstructed granule cell (top) in a control ( B) or 50 M picrotoxin-treated slice ( C), or a slice carrying a control ( D) or BDNF-including ( E) bead in the hilus. Hilar stimulation (arrowheads) caused paroxysmal activation of the granule cells in picrotoxin-or BDNF-treated slices, in which MF collaterals often invaded the stratum granulosum (sg) and even the molecular layer (ml), as indicated by the arrows.
number of axonal protrusions increased up to fourfold in a concentration-dependent manner (Fig. 7B) , an effect sensitive to K252a, but not to nicardipine (Fig. 7C) . Therefore, BDNF probably causes the MFs to sprout out via TrkB receptor activation, independent of Ca 2ϩ influx via L-type Ca 2ϩ channels. We next transfected cultured granule cells with truncated TrkB receptors (TrkB.T1), which lacks intracellular kinase domain, and visualized the transfected neurons with cotransfected green fluorescent protein (GFP) (Fig. 8 A) . At first, we confirmed that this isoform of TrkB can actually serve as a dominantnegative form of TrkB receptor (dnTrkB) against BDNF signaling, that is, it efficiently blocked 10 ng/ml BDNF-induced c-Fos expression in our experimental system (supplemental Fig. 2 , available at www.jneurosci.org/cgi/content/full/24/33/7215/ DC1; also see Materials and Methods). dnTrkB-transfected granule cells did not undergo the morphological changes in response to BDNF, whereas both untransfected neurons in the same cultures and control lacZ vector-transfected cells responded to BDNF by increasing their axon protrusions to a similar extent (Fig. 8 A, B) . These results indicate that granule cells are the direct target of BDNF action.
Discussion
Synaptic remodeling is a fundamental process in the development, maintenance, and pathology of the brain. BDNF has emerged as a candidate that mediates synaptic modification. In addition to its acute effects (Lohof et al., 1993; Kang and Schuman, 1995; Figurov et al., 1996) , BDNF exerts its long-term effects on synaptic transmission ), synaptic refinement (Cabelli et al., 1995; Horch et al. 1999) , and neurite growth (Cohen-Cory and Fraser, 1995; McAllister et al., 1995 McAllister et al., , 1997 Song et al., 1997; Gallo and Letourneau, 1998) during development. Little is known, however, about the pathogenetic role of BDNF. We have shown that BDNF serves as an etiologic factor for epilepsy-related reactive sprouting, suggesting its role for limbic epileptogenesis.
BDNF is causal in inducing MF sprouting
Seizure-induced upregulation of BDNF mRNA (Isackson et al., 1991; Gall, 1993) and protein (Nawa et al., 1995; Elmer et al., 1998; Rudge et al., 1998; Vezzani et al., 1999) in the hippocampus is a common phenomenon across various experimental models of epilepsy. Nonetheless, evidence for a specific contribution of BDNF to MF sprouting is still controversial. Vaidya et al. (1999) showed that MF sprouting is diminished in mice heterozygous for a deletion of the BDNF gene, in which animals the BDNF expression level is substantially reduced. However, Kokaia et al. (1995) reported an increased degree of MF sprouting in the same mutant mice. Scharfman et al. (2002) indicated that infusion of BDNF into the hippocampus induces MF sprouting. In contrast, Vaidya et al. (1999) demonstrated that the BDNF infusion has no effect, and Qiao et al. (2001) showed that transgenic mice overexpressing BDNF display no MF sprouting.
These complicated, apparently contradictory, observations could be attributable to different experimental procedures and/or individual difference among animals. We consider, however, that MF sprouting is essentially a local phenomenon that is subject to systemic and extrahippocampal influences. In our simplified experimental system, indeed, local BDNF action in the hilus triggered MF sprouting, but global application of BDNF masked this effect. This may explain the inconsistency in the literature.
Based on our observations, it is no doubt that BDNF plays a causal role in MF sprouting. We do not believe, however, that reactive sprouting is always attributable to BDNF action. For example, in response to deafferentation of the perforant path, the MFs display a morphological change that resembles epilepsyrelated sprouting (Laurberg and Zimmer 1981; Frotscher and Zimmer 1983) . This form of sprouting is likely to result from a transient downregulation in Sema3A that is provided from entorhinal stellate cells (Holtmaat et al., 2003) , one of chemorepellents against MF growth (Chen et al., 2000) . Indeed, deafferentationinduced sprouting is unaffected in BDNF-deficient mice (Bender et al., 1998) .
Activity-dependent synaptic reorganization and BDNF
The fact that hyperactivity-induced MF sprouting was inhibited by function-blocking anti-BDNF antibody indicates a requirement of the extracellular action of BDNF. Activity-dependent release of BDNF has been well documented in various experimental systems , and anti-MAP-2 (blue) after 24 hr treatment with (right) or without (left) 100 ng/ml BDNF. In the following analyses, we regarded the longest, tau-1-positive, MAP-2-nevative neurite as an axon and measured the density of phalloidin-positive protrusions (arrows) along the axon length. B, Dose-dependent effect of BDNF on the density of axonal protrusions. BDNF was added in the media at day 4 in culture and continuously present for 24 hr. Observation was performed at day 5. C, Axonal protrusions were counted in cultures treated for 24 hr with or without 10 -100 ng/ml BDNF in the absence or presence of 300 nM K252a and 10 M nicardipine. **p Ͻ 0.01 versus control; ## p Ͻ 0.01 versus BDNF; Tukey's test after ANOVA. Data are means Ϯ SEM of 162-263 axonal segments in eight different series of experiments.
2002). Considering that hyperactivity induced a selective increase in BDNF immunoreactivity in the MF pathway, it is plausible that BDNF is extracellularly released from MF terminals, although evidence that the MFs actually release BDNF is still rudimentary (Katoh-Semba et al., 1999) . BDNF beads were effective only when placed on the hilus, and thus, the locus of BDNF action seems to be within the dentate hilus. The effective range of BDNF diffusion from a gel bead is probably up to 100 m in cultured tissues because the beads were ineffective if put on the molecular layer, a region only Ͻ100 m apart from the hilus. Thus, BDNF does not serve as a chemoattractant to guide the MFs toward the molecular layer (Song et al., 1997) but rather works as a factor that triggers axon branching (Cohen-Cory and Fraser, 1995) . This idea is supported by our observations that in isolated granule cells, application of BDNF led to an increase in axonal protrusions.
We consider that BDNF-induced branching-out of MF collaterals is the "determining" step to epileptogenic reorganization of the dentate circuits . In this respect, we hypothesize as follows: the MFs form a "cohesive" bundle, to which the MFs can adhere. The bundle can serve as a contactdependent axon guidance system to help MFs to arise from newly born granule cells to find their correct trajectories (Kim et al., 2004; . However, when aberrant axonal collaterals sprout out in the hilus, they also would follow the bundle in the midway of the MF tract, in which case, by chance, half of them are oriented in the correct direction toward CA3, and the remaining in the wrong direction toward molecular layer. Therefore, once MF collaterals sprout, they would inevitably reorganize the dentate network. This process does not require neuronal activity, consistent with our observations that activity blockade did not prevent BDNF-induced MF sprouting.
It is intriguing that BDNF beads in the stratum lucidum did not initiate MF sprouting, regardless of the fact that like the hilus, this substratum also constitutes a part of the MF trajectory. The MF axons thus appeared to be compartmentalized across their length; the hilar and lucidum segments show differential susceptibility to BDNF. BDNF is suggested to be incorporated with TrkB and transported retrogradely along an axon as a complex with TrkB and initiate its signal (Watson et al., 1999) , but our study indicates that BDNF transported from the stratum lucidum to the hilus, if any, does not induce MF sprouting, suggesting that the axon segmentation of MF is robust and enables BDNF to work locally.
BDNF induces axon branching
In isolated granule cell cultures, BDNF increased the number of axonal protrusions, consistent with previous studies showing that BDNF induced increases in axonal length, number, and branching in primary cultures (Patel and McNamara, 1995) and organotypic cultures (Lowenstein and Arsenault, 1996a,b; Danzer et al., 2002) . None of these studies, however, determined whether the effect of BDNF is direct or indirect. Our results of dnTrkB transfection now provide evidence that BDNF acts directly on granule cells to induce axon branching. Considering that in ex vivo cultures, BDNF had no apparent effect unless locally applied to the hilus, the most probable primary target of BDNF action is the axons of granule cells.
Cytoskeletal proteins, including actin microfilaments, microtubules, and neurofilaments, have been shown to be intracellular downstream targets of neurotrophins and to mediate the morphological changes induced by neurotrophins. For example, in PC12 cells treated with nerve growth factor, neurite outgrowth depends on the expression of tau (Brandt et al., 1995) and MAP1B (Brugg et al., 1993) . In human B lymphocytes, nerve growth factor induces polymerization of actin microfilaments by increasing tyrosine phosphorylation of paxillin, a cytoskeletal associated protein (Melamed et al., 1995) . In the case of BDNF, it induces the expression of neurofilaments in hippocampal cultures . In Xenopus embryonic neurons, BDNFinduced collateral membrane protrusions depend on actin and microtubule dynamics (Gibney and Zhang, 2003) . Similar mechanisms may operate during MF reorganization. Further investigations are necessary to clarify the intracellular mechanisms underlying BDNF-TrkB signaling-induced MF reorganizations. At this moment, however, we have not succeeded in demonstrating the contribution of cytoskeletons to MF sprouting, because the survival of granule cells themselves is highly vulnerable to disruptions of cytoskeleton dynamics (Kim et al., 2002) .
We notice that BDNF has an indirect effect as well. In ex vivo cultures, local activation of BDNF-TrkB signaling in the hilus induces MF sprouting, but its global activation failed to produce the same structural alterations. The results imply the existence of preventive mechanisms that can counteract the "pro-sprouting" effect of hilar BDNF. The "anti-sprouting" mechanisms are unlikely mediated by granule cells, because bath application of BDNF to isolated granule cells was still effective. Surrounding cells such as glia and other types of neurons present in organotypic cultures may protect MFs against the pathogenic reorganization. It may be noteworthy that in general, inhibitory interneurons are more preferentially activated by BDNF than excitatory principal neurons (Marty et al., 2000; Yamada et al., 2002) . As a whole, therefore, the actions of BDNF may be complicated and multifaceted, as seen in the past literature.
Finally, our interpretation of the data obtained here could be extrapolated on the real events happening during seizure with caution, but the final conclusion on a role of BDNF in epileptic axonal remodeling still requires experiments with living model Figure 8 . BDNF directly acts on granule cells to induce axonal sprouting. A, Confocal images of lacZ-or dominant-negative TrkB (dnTrkB)-transfected neurons. Granule cells were transfected with cDNAs (IRES-GFP) at day 4 in vitro. Twenty-four hours after transfection, cultures were exposed to 10 ng/ml BDNF for 24 hr and stained with rhodamine phalloidin (red) and anti-MAP-2 (blue). Transfection with lacZ was used as a negative control for gene expression. B, Quantitative analysis of axonal protrusions. Data of "not transfected" were derived from neighboring untransfected neurons in the same batches. **p Ͻ 0.01; Tukey's test after ANOVA. Data are means Ϯ SEM of 116 -254 axon segments in eight different series of cultures.
